Topographic mapping is a dynamic process in which branching at topographically appropriate positions.
At E16, when retinal axons have started to invade the SC, EphA7 is expressed in an anterior > posterior gradient stretching through the entire midbrain/SC (Figure 2A; Ciossek et al., 1995) . This expression pattern remains unchanged up to at least P6 ( Figure 2I) , with EphA7 becoming barely detectable at P11 (Figures 2J  and 2K) . Thus, EphA7 is expressed at critical times during formation of the retinocollicular projection and is subsequently downregulated. EphA7 is expressed in the superficial layers of the SC (Figures 2E and 2I) , i.e., the stratum griseum superficiale (SGS), and is therefore in layers that are in contact with ingrowing retinal axons and receive retinal input (see also Figures 3E and 3F ). These RNA data correlate well with EphA7 Western blot analyses of SC and retinae from P1 mice ( Figure 4D Based on these intriguing expression patterns, EphA7 appears to be a prime candidate to aid the investigaat all (Zhou, 1998) . Thus, it appears that with regard to EphA expression in the SC, EphA7 displays a particution of the role of collicular expression of EphAs in retinocollicular mapping. We have generated mice carrying larly interesting pattern. We have therefore analyzed its expression pattern throughout the development of the a null mutation in the gene encoding EphA7 by homolo- (Figures 3G-3I ). Use of precipitates from retina, and SC using an EphA7-specific antibody ( Figure 4D ). These data show the lack of ephrin-A5-Fc uncovers the gradient of "free" EphAs, which are accessible to interaction with ephrin-As on EphA7-specific RNA and protein in these mice, indicating that the homologous recombination has led to the retinal axons. Staining with ephrin-A-Fcs followed by AP-coupled anti-Fc antibodies, however, did not allow complete abolishment of EphA7 expression. EphA7 −/− mice reach adulthood, are fertile, and show no gross a thorough quantification of differences in EphA protein amounts between wild-type and mutant mice. Nevermorphological or behavioral defects.
We addressed the question of whether abolishment theless, it appears that the overall intensity of staining was less strong in mutant than wild-type mice. Table 1 ). Ectopic TZs in EphA7 −/− mice were found consistently in the medioanterior SC and were less well developed than the TZs at the correct topographic position. The eTZs were found in the more anterior SC, but clearly within the SC and not directly at its border. Closer inspection allowed us to trace axons entering these eTZs and revealed a dense network of arborizations ( Figures 5C and 5F ).
In these DiI tracing experiments, temporal axons in EphA7 −/− mice did not show obvious alterations; thus, axons from the dorsotemporal retina in wild-type and EphA7 −/− mice map to the lateral-anterior SC (data not shown; Table 1 ). injections did tend to result in a higher number of scattered cells in nasal retina (e.g., Figure 6B ). In contrast, in EphA7 −/− mice we observed a disturbance of the retinocollicular map ( Figures 6C and 6D ), in agreement with the data obtained by anterograde tracing (see above). Thus, in some of the EphA7 mutant mice (3 out of 5), we found, in addition to a prominent label at the topographically correct position in the temporal retina, a distinct patch of labeled RGCs in the topographically inappropriate nasal retina ( Figures 6C and 6D) . In both cases, the nasal focus is clearly separate from the temporal focus, even in Figure 6D , in which a larger injection site is associated with increased scatter of labeled cells in temporal retina.
Analysis of Retinocollicular Mapping in
We quantified the distribution of labeled RGCs by generating isodensity contours of the labeled RGCs and measuring the area of the retina within the 5% or 20% contour line, which delineates those parts of the retina having a density of labeled cells greater than 5% or 20% of the maximum density of labeled cells. (Densities reflect cell numbers per sample square at different sample grid locations, and the contour plots were generated by using distance-weighted leastsquares smoothing, see Experimental Procedures. The areas were not normalized for injection site size, see below.) This method revealed ectopic foci in the 5% contour lines in 3 out of 5 retinae from EphA7 −/− mice, while no such 5% peak density lines other than the (Figures 7B and 7F) , retinal axons essentially showed unstrips from mouse E15.5-16.5 or chick E7 retinae were arranged perpendicular to these lanes, and the outpatterned outgrowth (chick: mean score 0.27 ± 0.09, n = 29; mouse: 0.96 ± 0.27, n = 9). Thus, although exgrowth preferences of retinal axons were scored 2 days pressing ephrin-As at different levels, nasal and tempoephrin-A5-Fc stripes led to a stronger repulsion of both chick (2.0 ± 0.12, n = 29) and mouse (2.5 ± 0.21, n = 9) ral axons showed a preference for Fc stripes, possibly relating to the amounts of EphA7-Fc used to generate retinal axons compared to that on EphA7-Fc/Fc stripes ( Figures 7D and 7G ). Further analysis of the growth the stripes (see also Discussion).
To further investigate the role of EphA7-Fc in this preference showed that the mean score for Fc/Fc control stripe assays was statistically significantly lower striped outgrowth pattern, we performed experiments in which we added soluble, clustered EphA7-Fc at 1 than that for EphA7-Fc/Fc (p < 0.05; t test) and ephrin-A5-Fc/Fc stripe assays (p < 0.05, t test). It appears g/ml to the medium. Here the growth decision was almost completely abolished, while incubation with therefore that forward signaling has a stronger repellent activity on retinal axons than reverse signaling. Howclustered Fc alone had no effect (see Figure S2) . These data indicate, first, that interfering specifically with ever, this finding cannot be generalized, given the rather artificial conditions here in the stripe assay, such ephrin-A/EphA interactions results in an abolishment of the patterned outgrowth of retinal axons, and, secas the use of Fc fusion proteins. ond, that the striped outgrowth is due to a repulsion of retinal axons from growing on EphA7-Fc-containing Discussion lanes and not to an attractive effect of Fc-containing lanes. of the SC as a cause for this defect can be excluded, as the experiments were performed at least 1 week after possibly more expected, close(r) to the correct TZ in the posterior SC. However, the eTZs are formed antematuration of the map. However, we cannot exclude that (part of) the effects are due to an increased comperior to the correct TZs, which correlates well with the model described in Figure 1 . Other EphA receptors tition between temporal axons and aberrantly projecting nasal axons. such as EphA3, which also is expressed in a gradient in the SC (Figure 2C ), could be involved in the control The enlarged foci in EphA7 −/− mice were not readily apparent in anterograde tracings. In this type of experiof mapping too. In addition, the generally moderate penetrance of EphA family knockouts suggests the inment it was more difficult, due to technical reasons, to control the amount of DiI injected into the retinae, volvement of additional guidance systems in the retinocollicular projection beyond that provided by the Eph which per se led to some variation in the size of TZs in wild-type and mutant mice. family.
Topographic Mapping by Interstitial Branching
On the other hand, mapping errors were found also Interestingly, during development of, for example, the zebrafish retinotectal projection, retinal axons are guided for temporal axons. A quantification of data derived from retrograde tracing experiments showed a larger directly to their TZs without a "branching intermediate" (Stuermer, 1988) . Nevertheless, countergradients of EphAs than normal area of labeled RGCs following the injection of fluorescent beads into the anterior quarter of the and ephrin-As are present in the zebrafish tectum and retina (e.g., Brennan et al., 1997). Thus, these gradients SC from EphA7 −/− mice, indicating in turn more extended TZs of temporal axons (Figures 6 and 8) . As may not be merely a reflection of necessities of a branching mechanism, but may be required to provide temporal (as well as nasal) retinal axons are repelled in the stripe assay from growing on EphA7-Fc lanes (Figretinal axons in general with sufficient positional information to find their target area, in agreement with the ure 7; see below), it appears plausible to assume that proposal originally formulated by Gierer (Gierer, 1983, tion. Thus, the primary growth cone would be less sensitive to ephrin-As than the axon shaft and would 1988; see Introduction).
In direct support of our experimental data, a comadvance further ahead at concentrations of ephrin-As, which would suppress branching. putational model of map development has been designed, which shows that countergradients of EphAs Interestingly, retinal axons invade the SC from the high end of the repellent EphA7 gradient, which is aland ephrin-As in both the retina and the SC, and bidirectional repellent signaling between retinal axons and ready present at the time of ingrowth of retinal axons into the SC. Possibly, retinal axons are initially insensi-SC cells, are sufficient to direct a topographic bias in retinal axon branching (Yates et al., 2004) .
tive to the repellent activity of EphA7 (perhaps because ephrin-As are not exposed at the surface of retinal Recently it has been shown that ephrin-As in their ligand function do not only exert repellent, but also outgrowth cones) and turn sensitive only upon a particular signal, the nature of which is not known at present. growth promoting/attractant effects on retinal axons (Hansen et al., 2004) . These effects were concentration Such a change in sensitivity might be developmentally controlled and/or might be induced when retinal axons dependent and were different for axons from different retinal positions. These findings have led to a mapping approach the posterior end of the SC. In fact, earlier investigations have shown that retinal axons can enter model in which ephrin-As act as topographic labels that promote axon growth at lower concentrations the tectum at quite different positions-e.g., from the posterior tectum-and still find their correct target area while suppressing growth at higher concentrations. Similar principles might apply to the function of EphAs (Fujisawa, 1981), suggesting that retinal axons are well able to enter the target area from the high end of an in the SC uncovered in this investigation. Moreover, such a dual function might hold true not only for priEphA/ephrin-A gradient, can grow "downhill" an ephrin-A or an EphA gradient, and still finding their correct target. mary growth cone behavior but also for branching processes (see also below). Thus, the study by Hansen et Additionally, in vitro experiments have shown that retinal axons can surmount a step gradient of repellent al. (2004) and data presented in this investigation do support the same idea that the EphA/ephrin-A guidmaterial when confronted with it at a right angle to its growth direction but are more likely deflected when hitance system provides a countergradient scheme as proposed by Gierer (1983 Gierer ( , 1988 . ting the step gradient at a shallow angle (T.R. and U.D., unpublished data).
Stripe Assay Experiments
Stripe assay experiments were performed to obtain a Previous Characterisations of Retinal Ephrin-A Expression first idea of the mechanism(s) by which EphA7 might exert its ligand function in the SC. We found in these It has been shown previously (Dütting et al., 1999; Hornberger et al., 1999) that a modulation of the level experiments that both chick and mouse retinal axons were repelled from growing on EphA7-Fc-containing of retinal ephrin-A expression results in a change in the sensitivity of these axons toward guidance cues in the stripes (Figure 7) . The lack of an obvious differential sensitivity of nasal versus temporal axons toward tectum. These data correlate well with the data derived from the characterization of EphA7 −/− mice presented EphA7 could be due to the fact that ephrin-As are indeed expressed on both classes of axons-though at here. One of the possible interpretations given earlier to explain these data was that ephrin-As on retinal different levels. Thus, the elevated EphA7 concentrations used in the stripe assay experiments possibly reaxons could possibly modify the function of coexpressed EphA receptors, thus acting as an ephrinsult in a significant activation of ephrin-As on both nasal and temporal axons and an avoidance to growing were digitally recorded using a camera lucida setup and inhouse (2 M). Surviving clones were expanded and tested with the gesoftware. The software recorded the retinal outline, the x, y location nomic probe as described above. To prove the correct removal of of each cell, and also the number of cells within the sample square the loxP-flanked tk/neo selection cassette, genomic DNA was at each grid location. The outline of the retina was plotted at low tested in a PCR reaction using 5#-CTAAGGTCCTATTTTGCCTG-3# magnification, and the location of labeled cells were recorded at sense primer and the reverse primer described above, leading to high magnification. In general, the whole retina was sampled in a the amplification of a 0.5 kb band from the targeted allele. 
